objectives To describe regional differences in the relative fertility of HIV-positive vs. HIV-negative women and changes as antiretroviral treatment (ART) is scaled up, to improve estimates of predicted need for and coverage of prevention of mother-to-child transmission services at national and subnational levels.
Introduction
Elimination of mother-to-child transmission of HIV (MTCT) through provision of antiretroviral treatment (ART) to all HIV-positive pregnant women is a major policy objective for national HIV programmes: The Joint United Nations Programme on HIV/AIDS (UNAIDS) and the US President's Emergency Plan for AIDS Relief (PEP-FAR) [1] . Accurate estimates of the number of HIV-positive pregnant women at the national and subnational level are essential for planning and allocating resources needed for services to prevent mother-to-child transmission (PMTCT), calculating coverage and unmet need of existing services and evaluating progress towards elimination targets [2] . Estimates of PMTCT need, coverage and MTCT rates are key outputs of official annual national HIV programme reports, generated with support from UNAIDS [3] . HIV prevalence in antenatal care and PMTCT settings is the main indicator of national HIV epidemic trends, but in order to interpret it correctly as a guide to prevalence in the general population, we need to understand the relative incidence of pregnancy in HIVpositive and HIV-negative women.
Coverage and unmet need for PMTCT services are estimated by dividing number of pregnant women receiving PMTCT services from routine programmatic data (the numerator) by a modelled estimate of the number of HIV-positive pregnant women (the denominator). Estimating the number of HIV-positive pregnant women, and hence need for PMTCT services, relies on information 1542 about (i) age-and sex-specific HIV prevalence in the population, (ii) age-specific fertility rates and (iii) the fertility of HIV-positive women relative to HIV-negative women. Existing literature about the effects of HIV status on fertility emphasises a changing relationship with age [4] [5] [6] [7] [8] . At the youngest ages, HIV-positive women, relative to HIV-negative women, have higher fertility due to selection of sexually active women. The fertility of HIV-positive women relative to HIV-negative women steadily declines with age, due to both biological effects of HIV on fecundity [8] [9] [10] and differences in exposure to pregnancy including factors such as higher divorce rates and widowhood in HIV-positive women [11] . A few studies have suggested regional differences in HIV-related subfertility [7, 12, 13 ], although regional variation, is not systematically accounted for in current estimates of PMTCT need.
It is widely anticipated that ART scale-up will ameliorate the subfertility of HIV-positive women, which would affect the number of HIV-positive pregnant women, although evidence of this is limited [14] . In the era of ART, most studies of the impact of ART on pregnancy or fertility have been clinic-based [14] which have shown some evidence that fertility increases after the first year on ART but still remains lower than in HIV-negative women. Elul et al. [15] have criticised existing evidence from clinical cohorts that do not account for the effect of pregnancy status at enrolment. Allowing for this in an analysis of 26 clinics in East Africa, they found little evidence that ART initiation is associated with an increased risk of pregnancy in women who enrol in HIV care. A number of population-level studies have shown evidence of a narrowing of fertility differences between HIV-positive and HIV-negative women [13, 16] in the era of ART.
This study aimed to improve the characterisation of the relative fertility of HIV-positive women to HIV-negative women by region and place of residence and update widely used estimates with data from the ART era.
Methods

Data
We used data from 49 Demographic and Health Surveys (DHS) and AIDS indicator surveys (AIS) conducted in 27 sub-Saharan African countries between 2003 and 2016 in which both full birth histories and HIV testing outcomes were available [17] . National ART coverage estimates for adult women were taken from UNAIDS estimates [18] and ranged from none in the earlier years to 72% in Zimbabwe in 2015 (Table 1) .
DHS and AIS are nationally representative household surveys [17] . All analyses account for the two-stage cluster sampling survey design and use the HIV weights provided by DHS. In pooled analysis, surveys are reweighted so that each survey contributes equally towards the analysis.
Calculating age-specific fertility rates
Each woman respondent was asked birth history questions for up to 20 births, beginning with the most recent. Dates of birth of the women and children are given in months and years, we assigned the day of birth to be the mid-point of the month.
We initially analysed fertility rates by HIV status during the three years prior to the interview. This cut-off was used in previous studies [4, 19] to balance the benefits of maximising the person years of observation while seeking to minimise maternal survivorship bias, recall bias and misclassification of HIV status over the three preceding years [7] . However, we report results adjusted for the first year prior to the survey due to evidence of persistence of these biases when using data from longer than a year prior to the survey (see document, Supplemental Digital Content 1, which shows the analysis).
We used the standard demographic definition of agespecific fertility rates (ASFR):
We then estimated the fertility rate ratios in the general population. Subsequently, we restricted the analysis to person years after first sex to assess the extent to which variation in age at first sex explains fertility differences among HIV-positive women and HIV-negative women in the younger age groups. We assumed sexual debut occurred on the date corresponding to the mid-point of the reported age at first sex (which is reported as an integer age). Age at first sex was changed to nine months before the reported date of first birth if this was earlier than the mid-point of reported age at first sex.
Other variables
Other variables included women's HIV status at the time of the survey, calendar year, ART coverage, region and ASFR xÀxþ4 ¼ Number of births to women aged x to x þ 4 Number of person years contributed by women aged x to x þ 4 : place of residence (urban/rural). Those infected with HIV-2 and those whose HIV test was indeterminate were excluded from the analysis (0.04%).
Countries were grouped into regions as follows: Southern (Zimbabwe, Lesotho, Swaziland and Namibia), East and mid-Africa (Tanzania, Kenya, Uganda, Rwanda, Burundi, Malawi and Zambia) and West and central Africa with Ethiopia (Table 1) . HIV epidemics in the East and mid-African countries occurred earlier than in Southern Africa. West and central Africa along with Ethiopia have lower prevalence, and HIV transmission is likely more concentrated.
ART coverage estimates, taken from UNAIDS estimates [20] of national female adult ART coverage at the time of each survey were stratified into categories <20%, 20-49% and >50% (Table 1 ). For surveys that ran over two different years, a mid-point of the estimated coverage in both years was taken.
Analysis
We used exponential regression to investigate the interaction between HIV status and five-year age group, place of residence, region and ART coverage with respect to their impacts on fertility. Each analysis was adjusted for country and survey year. The analysis was repeated excluding person time prior to first sex. The multivariate Wald test was used to assess significance of interaction terms. The first model includes only the interaction between age and HIV status controlled for country and year of survey. Subsequent models include the effect of place of residence, region and national ART coverage and the interactions between them and age and HIV status.
All models included the three-way interaction between year before the survey, five-year age group and HIV status. Results are reported for the first year before the interview date. Analyses were conducted using Stata version 14.1
Results
Pooled analysis of DHS surveys
Model 1 estimated the crude fertility rate ratio (FRR) for HIV-positive women relative to HIV-negative women by five-year age group across all countries and surveys, adjusted only for calendar year and country. In the 15to 19-year age group, fertility was 1.38 (95% CI 1.19-1.61) times higher in HIV-positive women than HIVnegative women, consistent with the fact that for younger ages many women have not yet been exposed to sex and therefore neither to HIV. Thereafter, fertility of HIV-positive relative to HIV-negative women decreased with age from an FRR of 0.93 (95% CI 0.85-1.03) in 20-to 24-year-olds to 0.29 (95% CI 0.13-0.66) in 45-to 49-year-olds (Supplemental Digital Content 2: Figure A2 , show stratum-specific ratios derived from Table 2 , Model 1 along with estimates made by Chen and Walker [4] ).
Variation by region and place of residence
There was a significant interaction between HIV status and region (Table 2, Model 2). In Southern Africa, the relative fertility rate of HIV-positive compared to HIVnegative women was 1.12 (95% CI 1.05-1.20) times higher than in the Eastern region (Table 2, Model 2). West and central countries were similar to East and mid-Africa (RR 0.99, 95% CI 0.91-1.08; Table 2 , Model 2 and Figure 2 ). There was no significant interaction between region, five-year age group and HIV status (Wald test F = 1.37, P = 0.173), indicating lack of evidence of regional difference in the relative age pattern of HIV subfertility.
For all surveys except two, fertility rates are higher in rural areas than urban areas for 15-to 49-year-old women, whilst HIV prevalence is lower in rural than to urban areas (see Supplemental Digital Content 2: Figure A1) . The statistically significant effect of place of residence on the relationship between HIV and fertility (Table 2, Model 2) indicates that these systematic urban/ rural differences in fertility and HIV partially explains the overall lower fertility of HIV-positive women. In contrast to region, place of residence did significantly affect the age pattern of relative fertility (Wald test F = 2.80, P = 0.010), with a steeper gradient in urban areas than in rural areas (Figure 1a ). Among 30-to 34-year-olds, the relative fertility of women in rural areas was 1.18 (95% CI 1.02-1.36) times greater than in urban areas, while among 15-to 19-year-olds relative fertility of HIVpositive women was 0.83 (95% CI 0.69-0.995) times lower in rural areas than urban.
ART coverage and HIV subfertility
The fertility differences between HIV-positive and HIVnegative women slightly reduced as ART coverage increased. With ART coverage at over 50%, the fertility rate ratio was 1.09 times higher (95% CI 1.01-1.18), compared to when ART coverage was below 20%. However, overall the fertility of HIV-positive women remained significantly lower than that of HIV-negative women in recent surveys with high ART coverage. For example, in urban Southern Africa, the fertility rate ratio increased from 0.70 (95% CI 0.59-0.82) in 30-to 34-year-olds in a time with <20% national ART coverage to 0.76 (95% CI 0.64-0.91) when there was 50% ART coverage ( Figure 2 , Table 2 ; Supplemental Digital Content 2: Table A1 ). There was no evidence that the level of ART coverage affected the age pattern of relative fertility (Wald test F = 1.23, P = 0.253).
HIV and fertility among women who have ever had sex Across surveys, we observed consistently higher median age at first sex among young women in urban areas compared to rural areas and in southern African countries compared to east Africa and west and central Africa ( Table 1 ). This suggests that some of the variation in the relative fertility of HIV-positive women at the youngest ages ( Figure 1a ) may be attributable to systematic differences in the age at sexual debut. We replicated the above models, excluding person years prior to first sex ( Table 3 ). Removing the person years of women who had not become sexually active completely explained the higher fertility among HIV-positive women aged under 25 compared to HIV-negative women (Figure 1b shows the stratum-specific rate ratios derived from Table 3 , Model 2). In all regional, place of residence and ART coverage groups, the fertility of HIV-positive women aged 15-19 was not significantly different to that of HIV-negative women when excluding person time prior 24-year-olds, the relative fertility of HIV-positive women fell, and in many cases, it was significantly lower than that of HIV-negative women (P < 0.05) when restricted to sexually active women (Figure 2 ; Supplemental Digital Content 2: Table A2 ). The effect of age on the interaction between places of residence remained but was reduced at younger ages. After restricting to person years for women after first sex, the differences in the relative fertility for women under age 25 by place of residence and differences by region were substantially reduced (Figure 2 ; Supplemental Digital Content 2: Tables A1 and  A2 ). For example, for 15-to 19-year-olds, the relative fertility rate ratio was the same in the urban and rural areas (interaction term 0.95, 95% CI 0.80-1.13 compared to 0.83, 95% CI 0.69-0.995 when including all women's person time).
Discussion
This analysis has shown that overall subfertility attributable to HIV is slightly less pronounced than previously thought, and we find that it varies across settings. Consistent regional and urban/rural differences have been found, which are largely explained by variation in age at first sex. The fertility differential between 0.0 0.5 Age group <20% 20-49% >50% Figure 2 Adjusted age-specific fertility rate ratios for Southern Africa comparing HIV-positive women to HIV-negative women by region and national ART coverage (adjusted for region, place of residence, the effect of five-year age group on HIV status and place of residence, ART coverage, country, calendar year).
HIV-positive and HIV-negative women appears to have narrowed in recent years as ART coverage has increased; however, caution is required in attributing this directly to ART. We corroborated patterns found in previous studies showing increasing HIV-associated subfertility with age [4, 6, 7] . Also consistent with these other studies, we find that in the youngest age group, HIV-positive women have higher fertility than their HIV-negative counterparts as many women in this age group are not sexually active and therefore are not exposed to either HIV or pregnancy. Chen and Walker reported a strong relationship between the percentage of 15-to 19-yearolds who are sexually active and the fertility rate ratio among this age group [4] . We extended this to show that when restricting analysis of fertility to women who had sexually debuted, there was no difference in the fertility of HIV-positive and HIV-negative women, suggesting that selection for sexually active women completely explains the increased fertility of HIV-positive women in this age group. Variation in age at first sex largely explained regional and place of residence differences in relative fertility. West and central Africa overall have a much lower median age at first sex than both East and Southern Africa at around 15-16 years vs. 18-19 years in the southern African countries ( Table 1 ). The median age at sexual debut is older in urban than rural areas (Table 1) , and again, once person years before sexual debut are removed from the analysis, there is no significant difference in relative fertility between urban and rural residency for women under 30. At older ages, HIV-associated subfertility is more pronounced in the urban areas. This could be explained by differences in sexual activity between rural and urban areas [21] , influenced by differences in social norms, desired family size, knowledge of HIV status and access to services that may influence contraceptive use or abstinence from sex. In addition to systematic differences in sexual debut, regions also differed in the scale of HIV epidemics and the stage of the epidemic at the time when surveys have been collected.
This analysis suggests that the relationship between HIV and fertility has attenuated slightly as the introduction of ART, but overall fertility remains significantly lower among HIV-positive women than HIV-negative women. These reductions are somewhat less dramatic than predicted by current estimates of PMTCT need published by UNAIDS using the Spectrum model, which assumes that women on ART for more than six months have the same fertility as HIV-negative women of the same age. For example, under this assumption, a 50% increase in ART coverage would attenuate the overall FRR of HIV-positive women from 0.7 times that of HIVnegative women to 0.85. This is an increase of 1.21 times, somewhat greater than the 1.11 times increase that we estimated for survey periods with ART coverage >50% compared to those <20%. There was no evidence that the effect of ART coverage on HIV subfertility varied by age. As the differences in HIV-associated subfertility by national ART coverage are small, it is possible that we did not have the power to detect any further differences by age. National ART coverage is an ecological variable. It does not measure individual exposure to treatment, and hence, we are cautious about attributing causality, for example countries with better roll out of ART may also have other things in common such as good health systems, with better provision of family planning services.
We find substantially less HIV-associated subfertility than Chen and Walker [4] in women aged below 35 and more HIV-associated subfertility at older ages. A number of factors can explain these differences. Chen and Walker had fewer surveys than were used in this analysis and did not adjust for place of residence or region, which we showed confounds the relationship between HIV and fertility because of systematically lower fertility in urban areas which also have higher HIV prevalence. The surveys used in the Chen and Walker analysis were predominantly from East, West and central Africa, where HIV-associated subfertility is more pronounced than in Southern Africa. We looked at data for the three years prior to the survey when constructing our models as did Chen and Walker; however, we only report results from the first year before the survey due to evidence that using data beyond one year exaggerated the HIV-associated subfertility in younger women (see document, Supplemental Digital Content 1). We also find substantially lower subfertility using the DHS data than we did using data from the demographic surveillance sites in Eastern and Southern Africa [7] . Much of these DSS data are from rural populations around Lake Victoria in East Africa that experienced early and severe HIV epidemics, all factors that we expect to be associated with greater subfertility based on this multicountry analysis.
A number of recommendations arise from these analyses for improving estimates and predictions of need for PMTCT services. We found evidence for variation across regions, with less HIV-associated subfertility in Southern Africa, but no evidence of differences by age pattern. This suggests that scaling the estimated age pattern of relative fertility of HIV-positive women to reflect overall prevalence among pregnant women observed through routine HIV testing may be a reasonable approach to calibrating and reflecting variation across countries and settings. There are significant differences in the pattern of relative fertility by urban/rural residency, which appeared to be largely explained by older sexual debut in urban areas. This should be accounted for in planning and allocating resources for PMTCT at the subnational level and evaluating local progress towards MTCT elimination. Finally, the relationship between HIV and fertility has attenuated slightly as ART has been introduced, supporting the current practice to account for ART coverage when predicting fertility of HIV-positive women and need for PMTCT. However, overall the reductions are somewhat less dramatic than predicted by current Spectrum assumptions, and fertility remains lower among HIVpositive women than HIV-negative women at older ages. Overall, we have characterised the fertility patterns of HIV-positive women over time and across regions in sub-Saharan Africa as ART scaled up from the mid-2000s through 2015. However, they could continue to evolve rapidly as HIV treatment and prevention programmes enter a new era. Improving timely data about the fertility patterns of HIV-positive women and deeper understanding of the mechanisms underlying changes will be important to plan and evaluate PMTCT policy and monitor epidemic trends. Results from exponential regression of fertility rates as a function of HIV status, age controlling for country and calendar year. Also not shown is the additional interaction between years before the survey, HIV status and age group. Model 2 has an additional interaction between place of residence, age group and HIV status, region and HIV status, and ART coverage and HIV status.
